Lactobacillus plantarum was not only one of the most popular probiotics, 2 but also one of the most versatile lactic acid bacteria. L. plantarum LLY-606 and L. 3 plantarum pc-26 are strains isolated from human gut that are intended to be explored 4 as probiotics. In this study, the genome sequences of LLY-606 and pc-26 were 5 sequenced, and multiple genes related to probiotic properties were analyzed. First, the 6 pathogenicity of these strains was evaluated, and antibiotic resistance genes were 7 surveyed at the whole genome level to determine their primary safety. And then, genes 8 for stress response, plantaricin (pln) biosynthesis, extracellular polysaccharide (EPS) 9 biosynthesis, and bile salt hydrolase (BSH) were analyzed to evaluate their industrial 10 utilization, adhesive capacity, and survival ability in gut, which were properties 11 fundamental for probiotic strains. The physiological features assured by these genes 12
Introduction 20
Lactobacillus plantarum is one of the most versatile lactic acid bacteria [1] . 21
Unlike most other species that are exclusively found in specific habitats [2, 3] , L. 22 plantarum is found in a variety of different environments such as plants, 23 gastro-intestinal tracts, food materials [4] . Its ability to adapt to various kinds of 24 environments has endowed it with wide industrial utility and potent probiotic 25 effects on its host. Several comparative genome studies have also demonstrated that L. 26 plantarum has extraordinary genomic diversity-this extreme genetic versatility is 27 supposed to be the basis of its vast applicability and probiotic properties [4, 5] . 28 However, this extremely versatile property has made the selection of potent 29 strains with specific properties, such as safety, adaptation to host gastro-intestine, 30 industrial utility and specific probiotic functions, more complex [6] . Genomic analysis 31 has facilitated a more comprehensive characterization of the genetic characteristics of 32 some bacterial strains [7, 8] . Some functional genes related to probiotic properties 33 such as bile salt hydrolase (BSH) [9, 10] , extracellular polysaccharides (EPS) 34 biosynthesis [11] , and stress responses [12] had been identified and illuminated in 35 large number of strains. Moreover, software for analyzing certain properties that 36 are conferred by multiple and unknown genes, such as antimicrobial activity [13] ， 37 pathogenicity [14, 15] have been explored. The genomic analysis techniques have 38 allowed researchers to comprehensively pre-evaluate strains for use as probiotics 39 more conveniently. 40
Genotype-phenotype association analysis was required to confirm the genomic 41 analysis. However, these were mainly focused on specific properties, such as 42 adaptation to [16, 17] or colonization [18] in intestinal tract. It is not yet successfully 43 used on the comprehensive evaluation of a probiotic strain. In this study we aimed to 44 explore a probiotic evaluating processes that combines genomic analysis with 45 phenotype validation, using L. plantarum and L. plantarum 46 pc-26 (pc-26) as model. 47
These two strains were isolated from human gut in Guangdong province, China. 48 In our previous studies, their excellent capacity to hydrolyze bile salts was defined in 49 vitro [19] , which made them candidates for probiotic strains with cholesterol-lowering 50
properties [9] . To gain more insights into genetic elements affecting the probiotic 51 properties of LLY-606 and pc-26, their genomes were sequenced and analyzed. A 52 genetical pre-evaluation approach using genome analysis combined with vitro 53 physiological assay then used to verify the probiotic properties of these strains in vivo. 54
Materials and Methods 55
2.1 Genome sequencing and assembly 56 LLY-606 and pc-26 were cultured in MRS broth at 37°C. The total genomic DNA 57 were extracted using a Wizard® Genomic DNA Purification Kit A1620 (Promega, 58 Madison, USA) and sequenced by combination of Illumina HiSeq 2000 (Illumina, Inc., 59 San Diego, USA) and PacBio RSII (Pacific Biosciences of California, Inc., USA) 60 platform. PacBio subreads less than one kilobase were removed. Then the Canu 61 software was used for merger, self-correction and de novo assembly [20] . Contig was 62 circularized by an inhouse Perl script, which can recognize the start and the end of a 63 contig. Finally, two approaches were employed to correct the assembled genome by 64 using single base. One is Quiver software, which is based on the PacBio long reads 65 [21] . Another is the combination pipeline of SOAPsnp, SOAPindel 66 (http://soap.genomics.org.cn) and GATK (version 3.8.0) [22] , which is based on the 67 Illumina paired-end reads. Both of them take the strategy of calling variants and 68 making corrections. The data reported in this study are deposited in the CNGB 69 Nucleotide Sequence Archive (CNSA: http://db.cngb.org/cnsa), as sequencing project 70 CNP0000375 with accession numbers CNS0053740 for LLY-606 and accession 71 numbers CNS0053741 for pc-26. 72
Genome annotation 73
The coding sequences (CDS) were predicted from the complete genome sequences 74 of these two strains by GLIMMER 3. 
Phylogenetic analysis 81
The concatenated single-copy proteins in genome were used for the construction of 82 the phylogenetic tree. MUSCLE (version 3.7) [30] with default parameters was 83 employed to perform multiple sequence alignment of single-copy proteins. Then the 84 phylogenetic tree was built by TreeBeST with maximum likelihood method model and 85 bootstrapping value of 1,000. Final tree visualization was processed by iTol [31] . 86 2.4 Analysis of safety-related genes 87
PathogenFinder was employed to determine whether a strain is pathogenic bacteria 88 [14] . PHASTR web server (http://phaster.ca/) was adopted for rapid identification and 89 annotation of prophage sequences within the whole genomes [15] . The virulence and 90 antimicrobial resistance genes were identified by VirulenceFinder (version 1. 
Adhesion assay 96
Human colon carcinoma cells HT-29 were cultured in 1640 medium (Gibco, USA) 97 supplemented with 10% (v/v) fetal calf serum (Gibco, USA) and 100 U/ml penicillin 98 and streptomycin (Gibco, USA). HT-29 cells were then seeded in 12-well plates with 99 glass cover slips at 37 for 4 days. Bacteria cells from stationary phase were collected 100 and washed in PBS. The bacterial cells dissolved in 1 ml 5×10 8 CFU/mL 1640 101 Medium were inoculated into each well containing 1ml 2×10 5 cell/mL HT-29 cells 102 afterwards. The free bacterial cells were washed to remove unbound bacteria, fixed 103 with methanol and stained with Gram staining. The adherent bacteria were 104 microscopically examined at different magnification levels. 105
The microbial ability to adhere to HT29 cells was a l s o confirmed by quantifying 106 the percentage of adherent bacteria. Briefly, Lb. plantarum strains were added (~100 107 bacteria/cell) to HT29 confluent monolayers (10 5 cells/well seeded in 96-well plates 108 24h prior the experiment) in PBS as assay medium, and then incubated for 1.5h at 37 109 in 5% CO2 atmosphere. After incubation, cells were washed with sterile PBS and 110 lysed by addition of 0.25% Trypsin/EDTA solution. The remaining suspensions with 111 adhering bacteria were serially diluted with saline solution, plated into MRS agar 112 plates, and then incubated for 48h at 37 under. Adhesion to HT29 cells was 113 calculated as percentage of adhered bacteria correlated to the initial number of 114 bacteria added in each well. 115
Anti-cholesterolemic activity assays 116
The experiments were approved by the Institutional Animal Care and Use 117 Committee (IACUC) of Institute of Medicinal Plant Development (approval number: 118 SLXD-17062913). Animals were maintained and experiments were performed in 119 accordance with the Guide for the Care and Use of Laboratory Animals (NIH 120 Publication No. 85-23, revised 1996) . 121
Twelve-week-old Syrian golden hamsters were acquired from Institute of 122
Medicinal Plant Development (Beijing, China). Male golden hamsters were randomly 123 divided into four groups, each group had 10 hamsters. All of them were numbered and 124 fed basic diets for 7 days. The golden hamsters were fed in cages under a stable 125 temperature of 21 ± 2°C with humidity of 45 ± 10% and 12h light-dark cycle. The 126 hamsters had free access to water and their particular food. The four groups were 127 appointed to diets according to the following regimen: (1) plasmid of 64,808 bp, with a GC content of 44.47% (Table 1, Figure 1 ). pc-26 genome 141 contained a circular chromosome of 3,303,726 bp and two circular plasmids of 61,734 142 bp and 60,139 bp, respectively, with a GC content of 44.46% (Table 1, Figure 1 ). We 143 identified 3,092 genes in the LLY-606 genome with an average length of 882 bp that 144 occupied 83.73% of the genome. In pc-26 genome, 3,146 genes were identified with an 145 average length of 875 bp and occupied 83.42% of the genome ( Table 1) . Within 3,092 146 genes annotated from LLY-606 genome, 2,339 (75.64%) genes could be assigned to 22 147 functional categories in Clusters of Orthologous Group (COG) database. While in 148 pc-26 genome, 3,146 genes were annotated and 2,356 (74.88%) genes could be 149 classified into 22 functional class (Table S1 ). Furthermore, 3,035 and 3,064 genes of 150 LLY-606 and pc-26 genome could be assigned to 273 and 271 SEED subsystems by 151 rapid annotation at RAST database. Two thousand six hundred and two genes are 152 common to the two strains and 264, 274 genes are unique to 153 respectively (Figure 2) . 154
Phylogeny of the two strains 155
To reveal the phylogeny of LLY-606 and pc-26, genomes of 56 L. plantarum 156 isolate from fermented foods and human intestinal tract were achieved (Table S2) and 157 were analyzed. Out of these, 32 strains were isolated from fermented foods, 24 strains 158 are of human origin (feces, gut, saliva), geographically from 19 countries. A 159 phylogenetic tree was constructed by several single-copy ortholog proteins, which no 160 phylogenetic cluster correlate with geographic location or isolation source to be 161 present, even if a small proportion of strains from the similar niches or the same 162 continents were clustered, such as the cluster of Nizo2257, TIFN101, Nizo2258, and 163 the cluster of NCU116, LY-78 and Nizo2801 (Figure 3(a) ). 164
To further investigate their potential habitat-adaptation signatures, the proteins of 165 56 strains were assigned to Clusters of Orthologous Groups (COGs). As a result, the 166
COGs annotation ratio of all strains was more than 75% (Figure 3(b) , Table S1 ). The 167 enriched categories were related to genetic information storage, processing and 168 biological metabolism, including translation[J], transcription[K], carbohydrate 169 transport and metabolism[G], amino acid transport and metabolism [E] . However, no 170 obvious clustering pattern was identified from living habitats or geographical origin 171 (Figure 3(a) ), and t-test showed that there was no significant difference in all 172 categories from two habitats. Thus, all of these results indicated that the Clusters of 173
Orthologous Groups (COGs) of the L. plantarum strains were not correlated with their 174 habitats and geographical origin. 175
In summary, the strains of L. plantarum from two living habitats, fermented foods 176 and human intestinal tract, share similar genome, even if the numbers of each COGs 177 categories are different. The genomes of LLY-606 and pc-26 were surveyed using PathogenFinder, and 181 they were genetically negative, indicating that the two strains were not pathogenicity. 182
Antibiotic resistance genes of the two strains were also identified by ResFinder 183 software. And just as the biochemical antibiotic resistance assays [16] showed, 184 LLY-606 and pc-26 were sensitive to the tested antibiotics. Furthermore, virulence 185 factors and CRISPRs were absent in LLY-606 and pc-26 genomes. At last, it was found 186 that LLY-606 contains four prophage elements, including two intact, one incomplete 187 and one questionable ( Table S3 ). One region of an intact prophage resembles 188 Lactob_Sha1, which is similar to the prophage region 1 of 5-2 [36] . Another intact 189 prophage resembles Oenoco_phiS13 (Figure 4) . The strain pc-26 contains five 190 prophage elements, four on the chromosome and one on the plasmid 1( Table S3) . 191
There is one intact prophage in pc-26, which resembles Oenoco_phiS13 (Figure 4) . 192
Prophage Lactob_phig1e was absent in LLY-606 and pc-26, which exist in 5-2 [36] and 193 WCFS1[37] . 194
Stress response 195
A number of stress-related proteins were identified in both LLY-606 and pc-26 196 genomes (Table S4) , including several Clp ATPases, universal stress protein (UspA), 197 and luxS. In vitro assays were taken out and demonstrated that LLY-606 and pc-26 had 198 a 77% survival rate after exposed to artificial gastric juice of pH 3.0 for two hours [6] . 199
Adhesion ability 200
In WCFS1 genome, gene clusters of cps2 and cps4 are reported to encode all 201 functional proteins demanded for capsular polysaccharide synthesis [38] . In LLY-606 202 and pc-26, we also identified 57 and 35 encoding genes associated with extracellular 203 polysaccharide biosynthesis respectively (Figure 5) . The cps4 in both LLY-606 and 204 pc-26 was similar to cps4 in WCFS1. But gene clusters of cps2 and cps3 in both 205 LLY-606 and pc-26 lost several genes found in WCFS1. The cps1 in LLY-606 206 consisted several genes similar to WCFS1 while cps1 was absent in pc-26. 207 Corresponding to the genetical property, an adhesion assay in vitro showed that 208 LLY-606 and pc-26 adhered to the surface of HT-29 cells pretty well. The adhesion 209 efficiency of LLY-606 & pc-26 to HT-29 was shown in Figure S1 and Figure S2 , 210 respectively. Together, these results indicated that LLY-606 and pc-26 have adhesion 211 ability. 212
Antibacterial activity 213
It had been demonstrated that LLY-606 and pc-26 both exhibited significant 214 inhibition to Staphylococcus aureus, Pseudomonas aeruginosa and Enterobacter 215 cloacae [16] . In this study, we identified a pln biosynthesis gene cluster in both 216 LLY-606 and pc-26, which had a structure similar to the cluster found in L. plantarum 217 WCFS1 [39] (Figure 6) . The pln gene cluster of pc-26 had 22 encoding genes, 218 including four class IIb bacteriocins (PlnJ, K, E, F), one class IIc bacteriocin (PlnA) and 219 one class I bacteriocin (PlnW) [40] . Complete two-component system (PlnC, PlnD), a 220 response regulator of bacteriocin biosynthesis, was identified in the pln gene cluster. 221
The class II bacteriocins are heat-stable and without lanthionine residues [41] , which 222 might explain the fact that cell-free supernatant of the two strains still had antibacterial 223 activity after water bath at 85°C for 20min [16] . 224
Bile salt hydrolase 225
Based on the complete genome sequences, four bsh genes were identified in 226 LLY-606 and pc-26, respectively. In L. plantarum, some strains have four bsh genes, 227 such as WCFS1 [42] , , and some have only two bsh genes, such as ZJ316 228 [44] . To further summarize the bsh genes of L. plantarum, we surveyed 38 complete 229 genomes of L. plantarum from NCBI 230 (https://www.ncbi.nlm.nih.gov/genome/genomes/1108). We found that 30 strains had 231 four bsh genes, while the remaining 8 strains had less than four, 3 genes for 7 strains 232 and 1 gene for 1 strain. And the locations of these four genes in the genome were 233 generally fixed (Figure S3, Table S5) . 
Discussion 250
Although lactic acid bacteria are generally regarded as safe (GRAS), some 251 hazardous conditions were reported [45, 46] . For this reason, safety is still the 252 fundamental requirement for a probiotic [47] . And genome analysis that was based on 253 bioinformatic database and useful software was proved to be the most efficient means 254 to carry out this complex safety pre-evaluation. In this study, pathogenFinder was used 255 to conduct pathogenicity evaluation at genome level. The genetically negative results 256 gave us more confidence to exploit these two potential stains for their probiotic 257
properties. Beside pathogenicity, antibiotic genes, especially those transferable genes 258 were threat to the whole gut microbiota [48] . So antibiotic resistance genes of the two 259 strains were identified by ResFinder software. And just as the biochemical antibiotic 260 resistance assays showed, LLY-606 and pc-26 were sensitive to the tested antibiotics. 261
As antibiotic resistance was wide and dubious properties, biochemical assays directed 262 by pre-evaluation at genomic level was no doubt the first choice for this task. At last, 263 prophage elements were involved in acquisition or loss some genes, which were 264 indications of the stability and origin of the strains. These results provided pieces of 265 evidences for the safety of these two strains, which is a fundamental prerequisite for a 266 potential probiotic candidate [47] . 267
After safety evaluation, it was must be taken into consideration that during both the 268 digestion process in the gastrointestinal tract and during producing, storage, and 269 delivery in industrial processes, probiotics were threatened by environmental stresses, 270 including unsuitable temperature, osmolarity, oxidation and highly acidic conditions 271 [12] . Survival through these harmful conditions and arrival in intestine were essential 272 for probiotic to exert their beneficial effects on their host. Some probiotics are equipped 273 with an array of stress response systems to fight against environmental stresses [49] . 274
Just as expected, a number of stress-related proteins were identified in both LLY-606 275 and pc-26 genomes which had been demonstrated to play critical roles in acid stress 276 response of L. acidophilus NCFM and L. rhamnosus GG [50] . However, whether their high survival rates reported previously [16] arose from the stress-response genes and 278 whether the stress-response genes would endow the strain survive these stress 279 conditions, was still needed to be proved in further study. 280
In addition to high ability to survival hazardous intestinal environments, 281 persistence in intestine mucosa, was also reported to be an essential probiotic property. 282 EPS were reported to play a relevant role in the persistence of the producing bacteria 283 in the intestinal tract [51] . And some EPS locus has been illuminated genetically. 284
What's more these locus were one of the most variable locus in many genomes [4] . 285
The EPS locus identified in LLY-606 and pc-26 genes, and the adhesive capacity 286 demonstrated in this study indicated their potent to persist in intestinal mucosa to exert 287 their probiotic functions. 288
As part of their probiotic contribution to the host, the antimicrobial activity by 289 means of bacteriocin production against pathogens in the GI tract has been addressed. 290
Generally, probiotics produce numerous chemical antimicrobials to competitively 291 exclude pathogens. Furthermore, probiotics have been considered as potential drug 292 candidates for replacing antibiotics. Pln biosynthesis gene cluster identified in 293 LLY-606 and pc-26 genomes provide us new insights into the exploiting these two 294 strains as probiotics to regulate gut microbiota by resisting pathogens, or to produce 295 effective candidates for antibiotics. 296
Previous studies demonstrated that high bile salt hydrolase (BSH) activity in the 297 intestine contribute to the declining level of serum cholesterol [9] . At the same time, 298 BSH protect microorganisms from unfavorable bile, which affects their survival in the 299 intestine [52] . Our previous studies have shown that these strains with high BSH 300 activity have well cholesterol-lowering ability in vitro [16] . As what was shown in the 301 present study, bsh genes existed widely in L. plantarum strains. Bile salt hydrolase can 302 not only contribute to a reduction in bile toxicity, but is also associated with the 303 therapeutic effect of lowering serum cholesterol. The presence of BSH genes in all 304 studied L. plantarum strains indicated a possible common bile salts or even 305 cholesterol-lowering ability, but these functions was still waited to be confirmed in 306 vivo. 307
By in vivo study, the cholesterol-lowering ability was demonstrated in this study. 308
However, whether these probiotic functions were assured by BSH, or by regulating 309 gut microbiota via pln or the carbohydrate fermentation, was not known in this study.
But it was no doubt that any of the properties may contribute to its probiotic functions. 311
And the safety, stress response, adhesion ability, antibacterial activity and bile salt 312 hydrolase will add up to their probiotic functions. 313
In this study, we reported the whole genome of LLY-606 and pc-26. Moreover, 314 intensive genome analysis clarified probiotic properties of 315 including bile salt resistance ability, antibacterial activity, adhesion ability and stress 316 response capabilities. In addition, animal assays in golden hamster demonstrated that 317 administration of LLY-606 or pc-26 reduced total cholesterol level in serum. All these 318 results indicated that they were highly potent probiotic candidates. In this study, a 319 pre-valuation method based on genome sequence for potent probiotic strains were 320 used and probiotic functions were verified in vitro and in vivo. 321
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